Ancient reports and mining relicts indicate that in antiquity technologies of high empirical level were used to enrich finely dispersed gold. This review describes the scientific bases behind these beneficiation technologies and confirms their historical significance. All of these ancient processes operate on the principle of selectively attaching finely dispersed gold particles onto a solid collector material via hydrophobicity, chemisorptive bonding, or electrical surface charges. This work begins by presenting the physical and chemical fundamentals of these processes. New research provides scientific explanations for several ancient variants of gold ore beneficiation that are discussed in the second section, including the dry and wet attachment processes used in pharaonic Egypt, sheepskins utilized as gold collectors in the Caucasian region, hemp utilized as a gold collector in Celtic Bohemia, and the use of gorse for gold beneficiation in the Roman Empire. The highest performing antique gold beneficiation technique was the use of gorse as a superhydrophobic gold collector and can be regarded as a precursor to the modern flotation process. The ancient processes demonstrate interesting correlations with modern gold ore beneficiation.
Introduction
The appreciation of gold since prehistoric times has motivated man to expend significant effort in the recovery of this precious metal. The history of gold ore beneficiation includes developments in ancient Egypt (Klemm and Klemm, 2013) and Europe (Morteani and Northover, 1993 ) that occurred over multiple millennia. However, our knowledge of ancient beneficiation techniques remains incomplete. Much of this knowledge was likely lost due to wars and the decline of the pharaonic and Roman Empires. The few relicts of mining archaeology and ancient reports indicate that during antiquity, technologies of high empirical level were applied in addition to the well-known density separation technique. These techniques relate to the recovery of finely dispersed gold, which is a current issue of interest for modern mineral processing. Until now, portions of these ancient reports have been incomprehensible and mysterious. For example, Diodorus of Sicily (1st century BC) reported on the cleaning of gold concentrates using moist sponges, and Appian (2nd century AD) and Strabo (1st century AD) described the use of sheepskins for the enrichment of gold and referenced the legend of the golden fleece. Pliny the Elder (1st century AD) described the capture of gold particles on gorse. Further, archeological artifacts from Bohemia indicate the application of hemp in gold ore beneficiation (Morteani and Northover, 1993) . Finally, an unusual report from pharaonic Egypt describes a bag or blanket with hanging ends in which the grains of gold were separated (Klemm and Klemm, 2013) . In the 16th century, Agricola (1556b) reviewed the state-of-the-art gold ore beneficiation techniques, which were based on ancient traditions. However, he did not consider the aforementioned processes, indicating that they were forgotten during his time. A highly scientific analysis and discussion of these ancient techniques is still needed. This critical review describes the scientific bases behind these beneficiation technologies and confirms their historical significance. Furthermore, the question arises as to whether modern beneficiation techniques reflect this ancient knowledge and how this knowledge may stimulate current technology. All of these processes can be characterized as selectively attaching finely dispersed gold particles to a solid collector material via electrical surface charges, hydrophobicity, or chemisorptive bonding. The key to understanding this rich ancient knowledge provides the research into the hydrophobic effects, nanogold chemistry, and triboelectric properties of gold over the last decades. Therefore, the first section of this paper summarizes the relevant fundamentals.
Fundamentals

The properties of gold used for selective attachment processes
As shown in Fig. 1 , the native gold particle sizes in gold ores span a wide range from millimeter-sized nuggets to nanogold, i.e., sizes <100 nm.
Various properties of gold can be utilized for beneficiation depending on the particle size. At particle sizes below 100 lm, the mass forces utilized in the gravity-hydraulic processes weaken, and surface forces become increasingly important (Allan and Woodcock, 2001) . These surface forces cause selective attachment through electrostatic, hydrophobic, or adsorptive effects, which are described in the following section.
The electrostatic attachment of dry gold particles on keratin fibers
The metallic properties of gold, particularly its high electrical conductivity, enable electron transfer at the particle's surface. A triboelectric charge can develop if this charge is transferred to a contacting material. The magnitude of this charge depends on the position of the contacting material in the triboelectric series, which is based on its electrochemical surface potential. A connection between a gold conductor and a non-conductor, such as keratin fiber (hair, wool, silk) , can exert strong effects. Fig. 2 presents the charge created by keratin hair in contact with gold depending on the contact time (Jachowicz et al., 1985) .
The charge is influenced by the intensity of the triboelectric contact, the humidity, and the chemical surface modifications of the two materials in contact. A sufficient charge results in an electrostatic attachment that can be utilized for selective dry gold separation. The sensitivity of the process renders the application of this technique difficult. In modern gold beneficiation, electrostatic separation via triboelectricity has been tested but has no practical use (Inculet et al., 1988) . However, static electricity is an essential secondary effect in the winnowing or ''dry washing'' of gold (Wilson, 1961) ; a dry washer separates gold from sand using an air pulse through a porous blanket of wool or other fiber that has insulating properties. The wind removes the dried sand, leaving the heavier gold. The pulse causes the gold particles to impact the blanket, which results in a triboelectric charge and electrostatic attachment. Modern dry gold washing machines primarily use this method for prospecting and small mining operations in arid regions (McCracken, 2013) . In ancient times, the electrostatic Fig. 1 . The typical gold particle size distributions in gold ores, according to Allan and Woodcock (2011) . Fig. 2 . The triboelectric charge of keratin hair in contact with gold, according to Jachowicz et al. (1985) . attachment of gold particles to wool fibers could have proven more significant, as discussed below.
Hydrophobic attachment
Hydrophobicity
Gold particles must have hydrophobic properties to be able to attach to hydrophobic collectors when in an aqueous medium. Gardner and Woods (1977) and Smith (1980) demonstrated that electrochemically cleaned gold is hydrophilic. Natural gold from primary and secondary deposits typically becomes hydrophobic when its surface properties change during geological processes. Hydrophobicity in natural gold is caused by inorganic or organic surface coatings and often results from the formation of Au-S = chemical bonding stroke thiolate, which is a semi-covalent bond with a binding energy of approximately 45 kcal/mol, a value that lies between that for an electrostatic interaction and a covalent bond (Love et al., 2005) .
Weathering produces a HS À or S À2 solution in the material surrounding the gold in pyrite ore. The redox pair described in Fig. 3 (top) results in the catalytic oxidation of the sulfide ion and the deposition of a hydrophobic sulfur layer on the gold surface (Chrysoulis et al., 2001) . The same reaction occurs with organic thiol compounds, R-S-H chemical bonding strokes strokes, that contain a non-polar R-group (see Fig. 3 , bottom). The sulfide anions of the sulfo-organic compounds are oxidized at the gold surface, and non-polar dimers are formed, rendering the gold hydrophobic. This reaction has been demonstrated for xanthates, dithiophosphates, mercaptobenzothiolates, and other sulfo-organic compounds that are used as collectors in gold flotation (Allan and Woodcock, 2001) . Smith (1980) measured water contact angles of approximately 65°at natural gold surfaces, which are sufficient for collectorless flotation. For comparison, mineral surfaces in flotation systems require water contact angles between 25°and 75° (Schubert, 1996) .
Hydrophobic biocollectors
If interaction occurs, hydrophobic gold particles can attach to the hydrophobic surfaces that serve as particle collectors. In ancient gold ore beneficiation, various collectors were used, including all of which are described in more detail in the following.
The interactions of gold particles with the hydrophobic surfaces of tissues
Gold particles attach to hydrophobic animal fibers and hydrophobic plants if the gold particles can overcome the repulsion forces (electrostatic and steric) when approaching the hydrophobic surface. This connection involves the following mechanical forces.
Drag forces act on the particle flow around hydrophobic leaves and fibers. Turbulent particle/particle and particle/bubble impacts cause hydrophobic coagulation and hydrophobic heterocoagulation. The weight of the settled large gold particles may be sufficient to induce attachment on the collection partner (e.g., the short hair on the cow or horse skins or the grass), which is located at the bottom of the sluices and washing tables. Mechanical stress on a particle layer at the hydrophobic bottom of a washing table can aid in the attachment of gold particles onto a hydrophobic layer.
Numerous studies have investigated the nature of the interaction between hydrophobic particles and hydrophobic surfaces in aqueous systems in recent decades. Christenson and Claesson (2001) measured a comparatively strong short-range interaction on clean hydrophobic surfaces ( Fig. 4A ) resulting from the reduction of hydrogen bridging in the water molecules at the surface. The same conditions apply to the direct contact of hydrophobic gold particles, which leads to hydrophobic coagulation (Wang, 2008) . This mechanism enables the formation of multi-layered gold on hydrophobic collectors. Israelachvili and Pashley (1982) explained the long-range characteristics of the hydrophobic interaction using atomic force microscopy (AFM). These investigations indicated that in aerated aqueous systems, hydrophobic solid surfaces are coated with nanobubbles that are present primarily in technical suspensions. Surface coverage by nanobubbles is dependent on the surface structure, particularly its roughness. The roughness falls into one of two categories, either a statistically distributed roughness in which nanobubbles exist over a relatively large distance or the formation of nanobubbles as a systematically packed network. These close-packed nanobubble networks are characteristic of superhydrophobicity. Both surface structures are observed in the ancient gold collectors. When interacting hydrophobic partners approach one another, the colliding nanobubbles coalesce to form an air bridge (see Fig. 4B ). This effect is fundamental and may initiate all other hydrophobic bindings. Fig. 3 . The hydrophobization of the gold surface through the formation of Au-S thiolate (Allan and Woodcock, 2001) . Fig. 4 . A schematic diagram of hydrophobic gold particle interactions.
The formation of capillary oil bridges ( Fig. 4C ) of gold particles on oily animal hair or oily plants is an important microprocess in ancient hydrophobic processing (Dai and Lu, 1991; Horozov et al., 2006) . However, direct bridging after a short contact time is hindered by the relatively high viscosity of the oil. Therefore, a mediating first attachment step must be arranged via nanobubbles.
The suspensions used in the ancient gold beneficiation were more or less aerated, providing the conditions necessary for the attachment of small gold particles on suspended bubbles (Fig. 4D ). The bubbles collect gold particles and transport them to the hydrophobic collectors. Bubble attachment is the wellknown microprocess of flotation, which plays an important role in modern gold ore beneficiation. The coalescence of the nanobubbles that adhere to the gold particles with coarser free bubbles initiates the transition into the three-phase contact during attachment (Schubert, 2005) .
Superhydrophobicity is an interesting phenomenon in selective attachment processes. Certain leaves are superhydrophobic due to the presence of a thin wax film on their surfaces, as well as airfilled microbumps (Ensikat et al., 2011) . These superhydrophobic surfaces (both manmade and natural) have micro-and nanoscale roughness as hierarchical structures ( Fig. 5 ) (Samaha et al., 2012) . A superhydrophobic (ultrahydrophobic) surface can repel water droplets; as a result, the contact angle between a water droplet resting on the air pockets and the superhydrophobic surface exceeds 150° (Burton and Bhushan, 2006; Samaha et al., 2012; Yan et al., 2011) . However, questions arise regarding the stability of these air pockets when submerged in water.
The capillary pressure necessary to force water into the space between the hydrophobic structures is inversely related to the size of the space and can be deduced using the Young-Laplace equation. The smallest air pockets should be stable under water due to the small spacing between the wax tubules in superhydrophobic leaves (Ensikat et al., 2011) . These air pockets can attach to hydrophobic gold particles via air bridges. As will be shown, the use of superhydrophobic collectors may be the most creative development in ancient gold ore beneficiation.
The chemisorptive attachment of nanogold
As depicted in Fig. 1 , primary deposits contain submicroscopic and nanogold in varying concentrations. Surrounding the primary deposits, secondary nanogold also can derive from the biomineralization of solubilized gold (see Section 3.3). Nanogold is character-ized by high chemical activity and is used in many modern nanotechnology applications. Nanogold also has a strong affinity for sulfur. As with the hydrophobic coating on gold, the bonding state of nanogold on a thiol or disulfide compound is an Authiolate bond Au 0 -S 0 -(see Fig. 6 ).
The disulfide linkages are found in cysteine amino acids, which are the primary components of natural animal and plant fibers. Johnston and Lucas (2011) synthesized nanogold on wool fibers. Daniel and Astruc (2004) reported on the attachment of gold nanoparticles on silk. Therefore, it is not surprising that wool, silk, and hemp fibers were used to collect finely dispersed gold in ancient times, as subsequently demonstrated.
Historical examples
3.1. Gold ore beneficiation in ancient Egypt using dry and wet attachment processes
In ancient Egypt before 2000 BC, gold was mined on a large scale (Klemm and Klemm, 2013) . Egypt was rich in gold, especially after its conquest of Nubia. Deposits with veins of gold-bearing quartzite were found in the eastern desert of Egypt. These ores are finely textured with high quantities of finely dispersed gold measuring <10 lm (see Fig. 1 ) and are, by today's standards, difficult to separate. Further complicating the process, the desert regions lack the water necessary for gold washing. Mining archaeologists found artifacts related to grinding equipment in the eastern desert but found no traces of beneficiation equipment (James, 1972; Klemm et al., 2001; Notton, 1974) , which led to the assumption that the raw gold ore was likely transported to the Nile for washing (James, 1972; Notton, 1974) . However, this is unlikely, as noted by Notton (1974) , because according to the rules of mineral processing, the grinding and separation steps must be well coordinated, which requires both steps to be performed at the same location. However, one report describes the transportation of gold ore during the military campaign of King Sesostris (1956 ( -1911 in Nubia (Newberry and Beni Hassan, 1893) . The report states that expeditions to Nubia returned with not only gold but also gold ore for the king. The delivery of raw ore with only a few g Au/t as a royal present seems unlikely. To obtain a presentable quantity of gold, the transfer of hundreds of tons would have been necessary. Therefore, a pretreatment of the ore to obtain gold contents on the order of a few kg Au/t seems more likely. Thus, evidence points to ore beneficiation in the mine, which suggests the use of a dry treatment under the relevant circumstances. Quiring (1948) already suspected a dry gold processing in the deserts of ancient Egypt, followed by a wet final enrichment.
Dry beneficiation
Gold deposits in dry regions have always provided the motivation to develop dry beneficiation techniques, although such technologies are significantly less efficient than wet beneficiation. In China, it is believed that the winnowing technique has been applied to gold ore since ancient times. Unfortunately, no verifiable evidence has been found to substantiate this claim. Chinese miners brought this dry separation process to California during the 19th century (see Fig. 7A ; Clark, 1970) .
The original gold winnowing process was a dry separation technique, accomplished by wrapping sandy gold ore in a woolen blanket, which was then shaken up and down by two men (Wilson, 1961) . In the process, the gold particles were triboelectrically charged and attached to the blanket. Then, the blanket was opened, and the material was tossed into the air, causing the sand particles to blow away. The coarse gold particles remaining on the blanket were collected by hand picking, and the finer gold particles were detached by intense mechanical stress. This dry process does not leave artifacts, confirming the above-mentioned results from mining archaeology. Additionally, dry tailing sites do not solidify as wet tailings do and thus disappear rapidly.
The winnowing technique was developed in pharaonic times to separate wheat from chaff. Evidence now indicates that winnowing was also used to separate gold in ancient Egypt. The Egyptian symbol for gold (nub) may depict a tool used for gold beneficiation (Holmyard, 1931; Klemm and Klemm, 2013) . Egyptologists Rossellini and Lepsius interpreted the nub character as a bag or blanket with hanging ends in which the grains of gold were separated, but they assumed this represented a wet treatment. The hypothesis regarding the use of a blanket for gold separation has been supported by artifacts found in the temple of Ramses III at Medinet Habu. Eight large bags were found in a treasure chamber, seven of which contained gold with labels from different Egyptian deposits (Holmyard, 1931) .
Additional evidence of gold production in ancient Egypt can be found in tomb decorations. The images in Fig. 7B and C depict a process similar in principle to that in Fig. 7A . However, the real significance of the reliefs in Fig. 7C is controversial. In contrast to Duell's interpretation (Duell, 1938) , a new interpretation of Fig. 7C assumes that it depicts gold beneficiation (Crystal, 2012) .
Wet beneficiation
Dry separations are always less efficient than wet processes and produce only a pre-concentrate. Therefore, a final wet enrichment of the pre-concentrate at a water source is necessary. Holmyard (1931) describes the wet treatment of the auriferous sand in the bag as follows:
''Auriferous sand was placed in a bag or cloth made of a fleece with wooly side inwards, water was then added and the bag vigorously shaken by two men. When the water was poured off, the earthy particles were carried away, leaving the heavier particles of gold adhering to the fleece.'' According to current understanding, this selective filtering technique is an unusual and laborious procedure. However, compared to the conventional approach of gold washing under flowing water, the treatment with the bag is a water-saving technology, which can be executed at a waterhole in arid areas. Gold particles hydrophobically (see Fig. 4C ) attach to the wet woolen bag, instead of the electrostatic attachment that occurs in dry beneficiation. Thus, the bag can be applied in both wet and dry beneficiation approaches, or these procedures can be applied in combination, depending on the availability of water.
In addition to the deposits in the Egyptian deserts, gold deposits in the wadi beds were exploited, where water was available to carry out gravity-hydraulic processes on washing boards and washing tables. The first written evidence of Egyptian gold washing came relatively late from Diodorus (1st century AD), who relied on reports by Agatherdides (2nd century BC) (Diodorus of Sicily, 1st century BC). Diodorus described the technology as follows:
''In the last steps the skilled workmen receive the stone which has been ground to a powder; . . . they rub [it] upon a broad board which is slightly inclined, all the while pouring water over it; whereupon the earthy matter in it melts away by the action of the water and runs down the board, while that which contains the gold remains on the wood due to its weight. And repeating this a number of times, they first rub it gently with their hands, and then lightly pressing it with sponges of loose texture, they remove . . . whatever is porous and earthy until only the pure gold-dust remains.'' From the reliefs in Figs. 8 and 9 , dated from the 19th and 13th centuries BC, respectively, one can conclude that Diodorus described significantly older gold-washing traditions. These two images were originally interpreted differently by Newberry and Beni Hassan (1893) and Martin (1991) . Notton (1974) believed that according to Diodorus, the left side of Fig. 8 depicts rubbing by hands on a broad washing board. The middle depicts a set of sieves in which the coarse fractions of the upper planes are recirculated to the grinding step on the right side, while the fine fractions of the lower planes are directed to the washing boards on the left side. (Clark, 1970) , (B) in ancient Egypt (Crystal, 2012) , and (C) as detailed in the tomb decoration of the Mastaba of Mereruka at Saqqara, 2300 BC (Duell, 1938) . Ogden (2000) assumed that the upper right corner of Fig. 9 depicts a sloped washing table, allowing for the following interpretation: a man touches the table (with a sponge?), holding a water bowl in his left hand to clean the sponge.
The report given by Diodorus goes beyond conventional gravity-based gold washing to describe the hand pressing of ore particles on the washing board and the subsequent selective detachment of the sand using sponges (see Fig. 10 left) . This procedure is only successful if the gold particles selectively attach to a hydrophobic surface. The hydrophilic sand or silicate particles do not adhere and can be easily removed with a sponge. This separation process enables the recovery of finer gold particles than conventional washing can deliver. As the final step in separating gold from the concentrate, the hydrophobic effect is not entirely unknown in modern gold panning, even though it is of low practical importance. Moen (1979) described an alternative process than that reported by Diodorus, in which the dry gold particles are selected from dry ground using a moistened hydrophobic brush (see Fig. 10 right) .
The question arises as to how the hydrophobic surface was created. The Diodorus report mentions working on wood. The olive tree, which was well known in ancient Egypt (Newton et al., 2006) , has a high oil content and can be polished to yield a hydrophobic surface (Zohary, 1995) . Alternatively, other wood surfaces can be surface-treated with oil, such as that described in a report by Agricola (1556b) .
In summary, gold beneficiation in ancient Egypt demonstrates a surprisingly high technological level. Deposits containing large fractions of finely dispersed gold required sophisticated beneficiation technologies. These challenges were met by combining density sorting with wet and dry attachment techniques. The wet attachment processes resulted in the precise separation of small portions of gold sand. The selective attachment processes applied to Egyptian gold ore processing were less suitable for the largescale production later conducted by the Romans. Quiring (1948) estimated the gold production during the three millennia of Pharaonic Egypt to be 3300 t and estimated a gold production of the same order during only five centuries of the Roman Empire.
Caucasian technology using sheepskin as a gold collector
In the Caucasus and the region surrounding the Black Sea, gold washing has been performed since prehistoric times. Cowen (2012) claimed that gold-washing technology originated in Iran and Anatolia in approximately 3000 BC. The first written record came from Appian (2nd century AD) and Strabo (1st century AD), who described a technique using sheep fleece, which was occasionally stretched over a wooden frame and submerged in a stream to collect gold particles from upstream placer deposits.
Strabo (1st century AD) writes: ''It is said that the mountain waters bring gold down the valley and that the barbarians collect it in tanks that have holes and long-haired skins as also told in the story of the gold-bearing fleece'' (see Fig. 11 ).
Appian (2nd century AD) reports: ''Many streams issue from the Caucasus bearing gold dust so fine as to be invisible. The inhabitants put sheepskins with shaggy fleece into the stream and thus collect the floating particles. Perhaps the golden fleece of [the mythological king] Aetes was of this kind.''
The wool of the sheepskin has extraordinary properties as a gold collector. Sheepskin has the highest fat content (lanolin) of all animal skins (approximately 30%), which makes the hair surface hydrophobic (Afsar and Centinkaya, 2008) . Additionally, the thin wool fibers are ideal for gold particle attachment (Schoenian, 2013) . Wool fibers vary in thickness, even from a single sheep:
Merino wool has a fiber thickness of 15-25 lm, whereas the wool of a typical sheep has a fiber thickness of 30-50 lm. The complex physical structure of the wool fiber is depicted in Fig. 12 (Johnston and Lucas, 2011) . The fiber contains a scaly outer layer called the cuticle that is both tough and water-repellent. Cuticle cells (or scales) overlap like the tiles on a roof, making wool a unique natural fiber. The edges of the cuticle cells increase the surface roughness of the fiber and provide exposed points for attachment under water. The pile structure makes the fibers highly flexible so that they bend naturally into a dense fleece with filtering properties. This enables the formation of air pockets in a fibrous net of dry wool.
For gold washing, sheepskins were placed in water with the ends of the hairs directed against the flow (Hittel, 1864) . This position increases the probability that the gold particles impact the edges of the scales. Residual air is assumed to remain in the Fig. 9 . Gold processing depicted in the Ramesside tomb of Khá y, the gold washer of the Pharaoh's treasury, at Saqqara (Ogden, 2000; Martin, 1991) (reproduced with the permission of the Cambridge University Press and of Prof. Martin). Fig. 10 . A schematic diagram of the final hydrophobic separation of finely dispersed gold (left) in ancient Egypt, according to Diodorus of Sicily (1st century BC), and (right) in modern panning, as described by Moen (1979) . Fig. 11 . A statue of Medea with the golden fleece in Batumi, Georgia (Bertramz, 2012) . fleece in the form of attached bubbles, causing the gold particles to initially attach via air bridging, as depicted in Fig. 4B . Stable bonding is then achieved by oil bridging with the lanolin (Fig. 4C) .
The attachment microprocess involves the impact of a gold particle on a fiber through the action of inertia in the flow around the fiber. Fig. 13 depicts the inertia and drag force acting on a particle. The impact between a gold particle and hydrophobic fiber depends on the Stokes number, which is the ratio of these two forces, and is calculated as follows:
where w is velocity of the main flow, d P is particle diameter, d F is diameter of the hydrophobic fiber, . is density of the gold particle, g is dynamic viscosity of the fluid.
From Eq.
(1) and the right side of Fig. 13 , high-density gold particles have an advantage over sand particles in impacting the fibers. However, the Stokes number decreases markedly for small particles. According to Eq. (1), small fiber diameters and high fluid velocities are necessary to achieve the impact of micrometer-sized gold particles. Therefore, thin wool fibers enable successful impact. Appian describes invisible gold grains that were collected in the sheepskin. The impact mechanisms are insufficient for gold in the sub-micron and nanometer size ranges. As schematically depicted in the left side of Fig. 13 , nanogold particles meet the fibers of the wool fleece through Brownian motion. The attachment of nanogold particles is the result of chemisorption via a thiolate bond (see Fig. 6 ).
Ultimately, several methods could be used to separate the gold particles from the skin. The skins were reportedly dried and then mechanically stressed. To completely recover the gold, the skin must be burned, which melts the gold. Small solidified globules of gold then can be easily washed from the ash. Cowen (2012) reports that this technology was still being used in Anatolia during the last century.
In retrospect, in antiquity, sheepskin would appear to be the obvious choice of animal fur for gold washing. Agricola (1556b) reported the use of shorthaired horse and cattle skins during the 16th century. These skins have coarser and shorter hair than sheepskin, which is unlikely to be a better collector for fine gold particles. However, gold particles detach more readily from skin with short hairs. The last description of the use of sheepskin in gold washing was during the 19th century in California (Hittel, 1864) .
The Celtic technology in Bohemia using hemp as a gold collector
Bohemia was rich in gold deposits that were first exploited during prehistoric time. Waldhauser (1995) reported the remains of an ancient Celtic washing plant in Modlešovice, Bohemia. Sheepskin (Fig. 14B) and Cannabis sativa (hemp) (Fig. 14C) were found, in addition to parts of a wooden sluice (Fig. 14A ). Waldhauser correctly assumed that the sheepskin was introduced into the flow ''for trapping the suspended gold particles.''
The use of hemp in gold processing has not yet been sufficiently interpreted. As with the aforementioned mechanisms, Cannabis sativa has remarkable potential for gold collection in several respects. It has hydrophobic properties, can bind nanogold as a thiolate at its surface, and can accumulate gold via plant uptake. It is not surprising that in Celtic Bohemia, plant collectors were applied for gold beneficiation because plants were simultaneously used for that purpose in Spain (see Section 3.4). 
Hydrophobic and chemisorptive attachment of gold
Cannabis sativa (hemp) is an herbaceous oil plant (see Fig. 15A ) with significant hydrophobic properties that derive from a strong oil secretion (cannabinoids).
Every portion of the hemp plant has a distinct oil content that depends on several factors, such as sexual differentiation, climate, soil nutrients, and other biotic and abiotic environmental factors (Pate, 1994) . Fig. 15B depicts an exposed leaf vessel of Cannabis sativa with hair papilla and unstalked glands (arrow in Fig. 15B ). Pietak et al. (2007) reported water contact angles of 77-87°for untreated hemp fibers. Pasik (2004) tested hemp stalks as oil collectors in wastewater treatment. The adsorption capacity of the hemp stalks was enhanced by pretreatment to open the fiber structure, resulting in an adsorption of 2-4 g oil/g hemp. Thus, hemp is considered a significant collector for hydrophobic matter, including gold.
The adsorption of nanogold is based on the previously discussed thiolate bonding that occurs on sulfur-rich amino acids. Odani and Odani (1998) detected high levels of methionine and cysteine protein in hemp. Thus, hemp presents properties comparable to those of wool and silk, for which nanogold attachment already has been confirmed.
Plant uptake of gold
Hemp further contributes to gold collection by accumulating solubilized gold via plant uptake (Anderson et al., 1999) . In the areas surrounding primary deposits, special microorganisms can solubilize gold particles. Microbially mediated gold solubilization uses microorganisms to promote gold oxidation and to excrete ligands capable of stabilizing the resulting gold ions by forming complexes or colloids. Iron-and sulfur-oxidizing bacteria (e.g., Acidithiobacillus ferrooxidans) can break down gold-hosting sulfide minerals in zones of primary mineralization, releasing the associated gold as they act. This process corresponds to the geology found in Modlešovice around the Jilove gold deposit. The solubilized gold can then be re-concentrated via biogeochemical cycling (Reith et al., 2012) . Fig. 16 presents a scheme for the formation of secondary gold derived from solubilized gold. Bacterial gold bioaccumulation may lead to gold biomineralization through the formation of secondary bacterioform gold particles, ranged in size up to nuggets (Reith et al., 2007) (Fig. 16, left) .
Plant uptake provides another mechanism for gold bioaccumulation (Fig. 16, right) . Hemp and other plants can accumulate dissolved heavy metals that have no biological function, including Cd, Cr, Ag, Se, Hg, and Au. These plants have developed direct genomic and biochemical responses to address toxic gold complexes, allowing them to precipitate gold intra-and extracellularly as nanogold; these mechanisms are used in modern phytoremediation and phytomining (Anderson et al., 2005; Linger et al., 2002; Meers et al., 2005) . The harvested gold-containing biomass can be incinerated, with the gold being recovered from the ash.
The use of hemp in modern gold phytomining has not been investigated to date. A test series was executed using Brassica, which has a heavy metal accumulation comparable to that of hemp (Meers et al., 2005) . However, the fundamental research has revealed that hemp has direct genomic and biochemical responses to address toxic gold complexes (Ostwald, 2000) . Gold stimulates the synthesis of phytochelatins in fibrous hemp, resulting in the complexation of Au 3+ , which is the precondition for bioaccumulation.
One can only speculate on the technological details regarding the use of hemp in ancient gold beneficiation. The discovery of hemp in the Modlešovice sluices leads one to conclude that hemp was likely grown under hydroponic conditions in the washing sluices. Under these conditions, the gold accumulation appears to increase (>1 lg/g) over that in plants grown in soil (Anderson et al., 1999) . Ancient miners using hemp as a biocollector for gold must have possessed special knowledge regarding the sexual type and growth phase of hemp and the parts of the plants capable of the highest accumulation.
The plant uptake of heavy metals may lead to visible changes in the vegetation. The ancient miners must have accurately observed the vegetation in the regions around gold deposits. A report on ancient pre-colonial gold mining on the African gold coast discussed the related knowledge of the aboriginal people (Ofosu-Mensah, 2011). Today, gold uptake in certain plants is sufficient for use in biogeochemical prospecting (Anderson et al., 1999) . Concentrations of up to 20 ng/g dry matter have been observed, corresponding to 1 g Au/t ash. Researchers have altered the plant uptake to yield the hyperaccumulation of gold by applying such compounds as ammonium thiocyanate to promote gold solubility (Reith et al., 2012) . This technique is known as induced hyperaccumulation and provides the basis for gold phytomining as a novel extraction technique (Anderson et al., 2005) . Thus, ancient phytomining techniques for the recovery of gold have recently been rediscovered.
Roman technology in NW Spain using gorse as a superhydrophobic biocollector
The highest level of ancient gold ore mining and beneficiation was reported during the Roman period, beginning in the 2nd cen- (Cilensek, 2008) and (B) its surface structure (Koch et al., 2009;  reprinted with the permission of Editor Prof. Emil Wolf). Fig. 16 . The formation of secondary gold via biogeochemical cycling (Reith et al., 2007 (Reith et al., , 2012 . tury BC Pliny the Elder (1st century AD) described this technology, and artifacts supporting his reports have been found in Spain (Domergue and Herail, 1999; Jones and Bird, 1972; Lewis and Jones, 1970) , Italy (Gambardi, 1999) , and Great Britain (Burnham, 1997; Lewis and Jones, 1969; Timberlake, 2004) . Gold production reached new levels, achieving industrial character, even by modern standards. In the gold regions of Italy and Spain, entire landscapes were destroyed by rigorous large-scale mining involving up to 5000 miners. Fig. 17 depicts a schematic of the ancient hydraulic gold mining and beneficiation processes described by Pliny the Elder (1st century AD), who reported: ''. . .on the ridge above the mine head, reservoirs are built measuring approximately 200 ft. each way and ten feet deep. Five sluices approximately a yard across occur in the walls. When the reservoir is full, the sluices are knocked open so that the violent down rush is sufficient to sweep away rock debris.
Another task waits on level ground. Water conduits, the Greek name for which means ''leads,'' are cut in steps and floored with gorse, a plant resembling rosemary, to collect the gold particles. The conduits are boarded with planks and carried over steep pitches. Thus, the tailings flow down to the sea and the mountains are washed away, etc. The gorse is dried, burnt and its ash is washed on a bed of turf sod to collect the gold.''
Hydrophobic collection of gold particles on gorse
The actual beneficiation step of the Roman technology ( Fig. 17 ) occurred in the second stage via the combination of density sorting with hydrophobic collection. The use of gorse (Ulex europaeus) was an important step forward in the development of a highly effective superhydrophobic collector. As depicted in Fig. 18 , gorse is a robust and bushy shrub, measuring 0.5-2 m high, with stiff branches, long sharp thorns, and small pungent leaves that are 4-8 mm in size. Ma and Hill (2006) count gorse among the group of superhydrophobic plants. Gorse has an oil content of 2-4% and is covered with wax, thus creating a hydrophobic surface. The superhydrophobicity results from a hierarchical multiscale roughness. The microscopic images in Fig. 19 demonstrate the special shaping of the gorse surface (Maeckel, 1943) . A cut through a young stem of approximately 2 mm in diameter ( Fig. 19A ) reveals grooves measuring approximately 200-lm in depth and approximately 50-lm scratches. The stems and leaves are densely covered, predominantly with curved hairs that are approximately 1.5 mm in length and 20 lm in diameter (Fig. 19B ). The hairs are patterned with micron-sized scaled grooves. The plurality of the flexible hairs on the leaves and stems is essential for the superhydrophobicity and exhibits a feature similar to the ''Lotus effect'' (Hu et al., 2011) . When submerged, a thin layer of air or air pocket is trapped by the hair's coating and remains stable under water up to a few bars of pressure. This effect allows the hydrophobic gold particles to form air bridges (see Fig. 4B ) when in contact with the air layer. Thus, gorse meets the criteria for an excellent gold collector.
In hydrophobic gold collection, proper flow conditions must be maintained in the channels in which the gorse is implemented. The impact between a gold particle and the gorse collector is dependent on the Stokes number, as previously described for wool fibers.
According to Fig. 15 , a special method of hydraulic mining (hydraulicing), called hushing, initiates the suspension of the gold-bearing sand. Hushing refers to the use of a water wave released from a reservoir. The water energy is stored as potential energy until its sudden release. In conjunction with the release, large volumes of air are introduced into the water surge. These bubbles promote beneficiation if they collect the gold particles and then transport the particles to the Ulex gold collector. The sluices (agogas) are placed at the point of separation as extensions to the hushing channels. Ramos (1979) attempted to reconstruct an agoga sluice infixed with gorse based on the description of Pliny the Elder and relicts found in NW Spain (see Fig. 20 ). However, other more sophisticated designs are conceivable, similar to the Celtic sluices of Modlešovice, Bohemia.
Pliny the Elder did not provide details of sluice box construction at the bottom where the coarse gold particles are captured. (Britton and Brown, 1913) . Fig. 19 . Microscopic images of Ulex europaeus, as described by Maeckel (1943) . (A) cross-section of a 2-mm stem and (B) hairs.
Gorse burning and gold melting
When the gorse appeared to contain a sufficient quantity of gold, it was removed from the agoga sluice for further processing. After drying, subsequent combustion enriched the gold by approximately 50-fold. Because of its oil content, Ulex is flammable and has relatively high firing temperatures of up to 600°C. A high-temperature fire was necessary to reach the melting point of gold. Gold and its alloys begin to melt at temperatures between approximately 900 and 1050°C. These high temperatures were obtained by adding charcoal and through the use of blast air (Ogden, 2000) .
Washing out the gold globules
Cowen (Cowen, 2012) explained that the high-temperature burning of organic gold collectors results in the formation of small gold globules that can be easily washed from the ash. The washing was conducted on a grass surface fixed at the bottom of a washing table. The hydrophobicity of grass is demonstrated in Fig. 21A . The structure of the waxy surface is depicted in Fig. 21B and C. The wax covering is flat compared with the hierarchical structure of the superhydrophobic collectors (Fig. 5) , and the microcrystals are irregularly distributed, causing the relatively weak hydrophobic bonding character of the settled gold globules (Kroisova, 2012 ) (see Fig. 4A ).
The process of washing on grass is described in Agricola's ''De re metalica'' with reference to Pliny the Elder. Fig. 22 depicts a washing table covered with grass pieces (see Fig. 22 center) on which the settling coarse gold particles attach.
The gold can be removed mechanically due to the relatively weak hydrophobic bonding. First, the grass was cleaned from the hydrophilic ash by gently rinsing with clean water. Then, the gold was detached from the grass by flushing more intensely with water (see Fig. 22 top) .
In summary, through a combination of density sorting, hydrophobic attachment, and thermal processes, the Romans executed gold beneficiation at a high technological level. The use of gorse as a superhydrophobic gold collector appeared as a new develop-ment, allowing this ancient civilization to achieve high-performance gold ore beneficiation.
Conclusions
The reports of antique authors and the relicts left by ancient gold mining and beneficiation shed light on ancient technologies used to enrich finely dispersed gold that are otherwise poorly recognized today. This review describes the scientific bases behind these beneficiation technologies and confirms their historical significance. The incorporation of some assumptions is unavoidable given the fragmented nature of the antique sources. However, considering the scientific plausibility of the many types of beneficiation and their obvious systematic developments, the historical significance of these approaches has now been confirmed. All of these processes were based on one principle, namely, the selective attachment of finely dispersed gold particles to a solid collector using electrical surface charges, hydrophobicity, or chemisorptive bonding. Empirical knowledge of these sophisticated technologies appears to have existed since the 3rd millennium BC but could not have been explained until today, based on new research regarding the triboelectric properties of gold, its hydrophobic effects, and nanogold chemistry. Combining density sorting and attachment processes enabled the mining of gold-poor deposits containing finely dispersed gold. Dry and wet attachment processes were first applied in pharaonic Egypt. This technology has developed continuously with respect to new collectors and their application to large-scale production. The first biocollectors were high-oil-content woods and animal furs. Later, during the Celtic-Roman eras, mining was expanded to utilize hemp and gorse plant collectors. However, many of the details regarding these complicated processes will never be discovered.
Why has this valuable knowledge been lost? In Egypt, the Roman conquest resulted in a rapid end to gold mining. The Egyptian deposits were poor quality and difficult to exploit compared with those in Spain, the Balkans, and Britain. The Celtic-Roman largescale mining and gold ore beneficiation industries represented the highest level achieved in antiquity. The decline of the Roman Empire brought an end to the gold standard and to large-scale gold mining. The return of the gold standard in medieval northern Italy initiated a revival of European gold mining, although on a smaller scale and at a lower technological level. During the 16th century, Agricola described the gravity-hydraulic beneficiation of his era but did not report on the attachment processes used for finely dispersed gold. He recorded only portions of the hydrophobic treatment, such as the use of oil-treated pans, shorthaired horse and cattle skins, and grass affixed to the bottom of washing tables on which settled gold particles are captured. During the American gold rushes of the 19th century, mining was focused on rapid profit, which was primarily obtained through the recovery of coarser gold particles with high throughput using gravity-hydraulic equipment. More sophisticated gold ore beneficiation technologies were developed in the 20th century and accounted for the surface properties of finely dispersed gold. Today, flotation, which relies on the attachment of particles to suspended bubbles, plays an important role in modern gold ore beneficiation. In the Roman gorse process, the gold particles attached to bubbles, which were bound to the superhydrophobic plant collector. Thus, this Roman process can be considered an ancient precursor to modern flotation without the use of mechanical aeration. This Roman gorse process was an extraordinarily successful method for ancient gold ore beneficiation and was the first technical application of superhydrophobicity in a submerged state. Today, superhydrophobicity is primarily used for water-repellant coatings. Mineral processing could provide a new application for superhydrophobicity.
Further, dry technologies with ancient origins (i.e., the plant uptake of gold and the triboelectric separation) may influence advancements in existing beneficiation technologies. Today, the plant uptake of gold, which is comparable to the ancient Celtic hemp process, is being evaluated in phytomining projects in arid regions. Hemp has not yet been tested but appears to be an interesting possibility because it combines hydrophobic attachment and the gold plant uptake under hydroponic conditions. The real possibility of executing the triboelectric separation of gold remains unclear because the microprocess combining triboelectric charging and selective attachment has not been systematically studied. Triboelectric charging has been implemented in new equipment for dry gold ore beneficiation. However, this is not a triboelectric pretreatment such as that likely carried out in woolen bags in ancient Egypt. Further research on this topic would be beneficial.
In summary, the ancient processes described herein demonstrate interesting correlations with modern gold ore beneficiation. In the future, mining archaeology may provide further insights regarding these ancient technologies. Additionally, information from other countries, such as ancient China, would prove instructive.
